Relativistic ab initio calculations of both low-and high-angle critical minima in the differential cross sections are presented. The theoretical approach is based on the Dirac-Hartree-Fock method. Exchange between incident and target electrons is calculated exactly. Target polarization is described by ab initio potential taken from relativistic polarized orbital calculations. The position of our critical minima (39.3 eV, 68
For many years several measurements of differential cross sections in the elastic electron scattering from noble gases have been reported (e.g. Dehmel et al (1976) , Haddad and O'Malley (1982) , Weyhreter et al (1988) , Furst et al (1989) , Gibson et al (1996) , Mehr (1967) , Schackert (1968) , Lewis et al (1974) , Williams and Willis (1975) , Vušković and Kurepa (1976) , DuBois and Rudd (1976) , Srivastava et al (1981) , Quing et al (1982) , Crowe (1994, 1997) , Crowe and Cvejanović (1996) , Bromberg (1974) , Gupta and Rees (1975) , Jansen et al (1976) ). In addition, several calculations have been performed in order to make comparison with experimental data and at the same time to test theoretical methods (e.g. Kemper et al (1985) , Walker (1971) , McEachran and Stauffer (1983) , Bartschat et al (1988) , Mimnagh et al (1993) , Nahar and Wadehra (1987) , Fon et al (1983) , Saha (1991) , Sienkiewicz and Baylis (1987) , Haberland et al (1986) , Plenkiewicz et al (1988) , Ihra and Friedrich (1992) ).
Very recent extensive measurements of Panajatović et al (1997) and earlier measurements of Kessler et al (1976) provide the excellent possibility of a stringent test for theoretical calculations. They are dealing with critical minima in differential cross sections. The position of a critical minimum is defined by the point on the plane constituted by the scattering angle and projectile energy axis where the differential cross section attains its minimal values. In other words, this point indicates the exact position of the local distinct minimum in a differential cross section. The first methods proposed to search for critical points defined by the above were given by Lucas (1979) and Khare and Raj (1980) . Although Bühring (1968) was the first to bring attention to critical energies at which critical minima occur. He already proved their physical significance due to their sensitivity in experimental methods. As stressed by Kessler et al (1976) it is virtually impossible to measure the exact depths of differential cross sections. The reason lies in the inherit angular resolution limit of the detectors used.
It is quite obvious that the positions of critical minima are also very sensitive to the theoretical methods chosen. For a proper description they require the exact treatment of exchange potentials and careful choice of a target polarization potential. Another significance of critical minima lies in the fact that their positions indicate the highest values of spin polarization of scattered electrons. The degree of spin polarization is given by P = (σ ↑ − σ ↓ )/(σ ↑ + σ ↓ ), where σ ↑ and σ ↓ are the cross sections of scattered electrons with spin momentum pointing 'up' and 'down' with respect to the scattering plane. The biggest difference between the σ ↑ and σ ↓ cross section occurs in the angle region, where the differential cross section is minimal. This is explained by the relative weakness of the spin-orbit interaction in comparison to the electrostatic interaction (see Kessler (1985) ). The aim of this letter is to test our theoretical approach searching for critical minima in the elastic scattering of electrons from argon. Our very preliminary results have already been published elsewhere (Konopińska et al 2001) . It should be underlined that our ab initio method is fully relativistic. The necessity for a relativistic treatment of electron scattering from argon has already been shown by several authors including Nahar and Wadehra (1991) , Yuan and Zhang (1993) and Sienkiewicz and Baylis (1987) . Here we also use our method to calculate the spin polarization of the scattered electrons.
We solve the radial Dirac-Hartree-Fock equation (Grant 1970 ) which can be written in atomic units as
where P κ and Q κ are radial parts of the large and small components of the Dirac wavefunction, the quantum number κ = ±(j + 1 2
, α is the fine structure constant, E is the energy of the incoming electron, V fc is the relativistic frozen-core potential, V p is the polarization potential and X Q and X P are the exchange terms.
The exchange terms and the frozen-core potential V fc -between the scattered electron and target electrons-are calculated from atomic orbitals obtained by the relativistic MCDF program of Desclaux (1975) with some modifications (Sienkiewicz and Baylis 1987) . These terms are defined as
where index 's' refers to the scattered electron, Z is the nuclear charge and the sums are over electrons of the target atom. The radial function Y k and the angular coefficients a k and b k are given by Grant (1970) .
The polarization potential V p arises as a second-order correlation correction to the frozencore approximation. In our approach, it includes the dipole static term and is taken in a numerical form from the ab initio calculations of Szmytkowski (1993) performed with the relativistic version of the polarized orbital method.
The phase shifts δ ± l are obtained by comparison of the numerical solutions of equation (1) with the analytical ones at large r:
where k is the momentum of the incident electron, j l (kr) and n l (kr) are the spherical Bessel and Neumann functions, respectively. δ + l is the phase shift calculated for κ = −l − 1 in 
and the spin-flip one
Here θ is the scattering angle, while P l (cos θ) and P 1 l (cos θ) are the Legendre polynomials and the Legendre associated functions, respectively. The differential cross section for elastic scattering is defined by the relation
We have calculated phase shifts for elastic scattering of electrons from argon in the energy range 10-160 eV to cover all the energies used in the measurements of Panajotović et al (1997) . They are presented in table 1. For any incident energy and any chosen l we have two relativistic phase shifts δ ± l (except for l = 0), where '+' corresponds to the spin 'up' and '−' to the spin 'down' solutions of Dirac equation (1). This indicates, respectively, negative and positive values of the quantum number κ.
Our differential cross section results in the considered angular and energy range are presented in a three-dimensional plot (figure 1). The low-angle critical minimum has been found by Panajatović et al (1997) to be at 68.5
• and 41.30 eV, while ours is at 68.0 • and 39.30 eV. The angular positions are almost the same, while our scattering energy is 2 eV lower. In order to give a better insight we present six differential cross sections in the vicinity of critical energy (figure 2). Our theoretical curves follow quite closely experimental points within the considered energy range.
In the case of the high-angle minimum, Panajotović et al (1997) have localized it at 143.5
• and 37.3 eV, while ours is at 141.0 • and 39.5 eV. Comparison of our results with their cross sections is displayed in figure 3 . Here, the agreement between our theoretical curves and their experimental points is not as good as in the previous case, although taking into account the logarithmic scale, it is quite reasonable. What is striking, is that our minima of differential cross sections are much narrower and deeper than the experimental ones.
The angular position of the low-angle minimum along incident electron energy is given in figure 4 . There is an excellent agreement between our theoretical results and the experimental data of Panajatović et al (1997) . Results of McEachran and Stauffer (1983) , who solved the Schrödinger equation with an adiabatic exchange, cover the energy range up 50 eV and agree well with experiment. The theoretical line of Fon et al (1987) , who used the R-matrix approach, quite closely follows experimental data over the whole energy region, while the model results of Nahar and Wadehra (1987) fit even better with the experimental points, particularly at small scattering energies. Kessler et al 's (1976) measurement of the position of the critical minimum position does not agree very well with the experimental point of Panajatović et al, neither with our predictions, although his point lies quite closely to both results.
In the case of high-angle minimum (figure 5) the biggest discrepancy between our theoretical results and experimental ones occurs at low energy, i.e. 10-15 eV. Here, only model calculations (Nahar and Wadhera 1987) show good agreement with experiment. At higher energies, all the displayed points and curves show better and more consistent agreement between themselves. The experimental points are well described by our theoretical results and the results of Fon et al (1983) . It also occurs that two other minima pointed out by Kessler et al (1976) as separate critical minima are lying very close to our high-angle minima position curve. Our calculations of minima depths show that the first one is deeper. In figure 6 , we present the connection between the positions of the critical minima and the spin polarization features of the scattered electron beam, which is unpolarized before scattering. The chosen energy of 39.4 eV is very close to the energies of the low-and high-angle critical minima, which are 39.3 and 39.5 eV, respectively. The angular positions of the critical minima coincide very well with the positions of the spin-polarization maxima.
In conclusion, our ab initio theoretical method is able to describe properly the positions of the critical minima in the case of argon as a target atom. Also, the connection between the positions of the critical minima and spin polarization for an initially unpolarized beam is properly described. Our fully relativistic approach allows for theoretical verification of experimentally obtained critical minima.
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